The properties of single-particle states in the magic nuclei 40 Ca and 208 Pb, in particular the energies, spectroscopic factors and the effective mass, have been studied in a fully self-consistent particle-vibration coupling (PVC) approach within the framework of Skyrme energy density functional theory. All selected phonons are obtained by the Random Phase Approximation and the same Skyrme interaction is also used in the PVC vertex. We focus on the effect of the non-central two-body spin-orbit and tensor interactions on the single-particle properties. It has been found that the contributions of those terms are important to improve the results of 208 Pb. The calculated single-particle energies and spectroscopic factors are compared to available experimental data. The single-particle level density around the Fermi surface is significantly increased due to the effect of PVC.
I. INTRODUCTION
Since the 1970s, the self-consistent mean field (SCMF) approaches have achieved a great success in describing various properties of finite nuclei in their ground state, such as binding energies, root-mean-square radii, and deformations [1] . The SCMF approaches have been extended to describe the excited states, such as multipole giant resonances, and rotational bands of finite nuclei. In those approaches, one starts in general from an effective nucleon-nucleon interaction, such as a Skyrme or Gogny interaction or a relativistic Lagrangian, and the parameters of the effective interaction are fitted to the properties of nuclear matter and some selected data of finite nuclei. The total binding energy of a nucleus is expressed using as the integral of the energy density that is, in turn, a function of the one-body densities; these are extracted from the single-particle wave functions that are, with their corresponding energies, obtained from the self-consistent solution of the Schrödinger or Dirac equations. In such calculations, the single-particle level density and the spectroscopic factors differ from the experimental findings mainly because of the following reason. In the mean field theory, the basic assumption is that particles move independently in the static average potential produced by the surrounding nucleons. Of course, this assumption is an ideal one. In practice, nucleons can make collisions with other nucleons or couple to the collective vibrations of the whole system. This is related to the concept of the so-called "dynamical effects" beyond the mean field approximation. To consider the fluctuations of the mean field potential, one must go beyond the mean field scheme, which means that the average potential is no more static or energy-independent, and is instead energy-dependent.
For finite nuclei, the fluctuations of the average potential are usually described by an effective theory denoted as "particle-vibration coupling" (PVC) [2] model. It has been shown that the particle-vibration coupling affects strongly the energies of single-particle states around the Fermi surface and increases the single-particle level density [3] [4] [5] [6] . In the earlier times, the PVC calculations have been lacking any self-consistency since the Woods-Saxon potential was usually adopted to calculate the single-particle basis and the interactions at the PVC vertex have been chosen with a large degree of arbitrariness [3] [4] [5] [6] [7] [8] [9] [10] . In few cases, the Skyrme interaction has been adopted both for the single-particle potential and PVC vertices, but using only the velocity-independent terms in the PVC vertices [11] . Recently, microscopic self-consistent PVC calculations have been performed within either the framework of the Skyrme energy density functionals [12] [13] [14] [15] or the framework of relativistic (i.e., covariant) functionals [16, 17] .
So far, even when the central terms of the Skyrme force have been consistently included in the PVC vertex, the non-central terms such as the two-body spin-orbit term or the tensor terms have been dropped in the calculations [12] . At the same time, recently much attention has been devoted to the tensor terms added to the Skyrme force with the goal to explain e.g. the evolution of the single-particle levels in exotic nuclei [based on Hartree-Fock (HF) or Hartree-Fock-Bogoliubov (HFB) calculations] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Moreover, within HF plus self-consistent Random Phase Approximation (RPA), some of us have investigated the effect of the tensor force on the multipole response of finite nuclei [28, 29] . The response function of uniform matter, and the occurence of possible instabilities, has been the subject of another recent study [30] . In the present work, we shall study the effect of the non-central terms of the Skyrme interactions at the PVC vertex on the single-particle properties of finite nuclei. We will discuss the sensitivity of the energy shifts associated with the single particle states, of the effective mass, and of the spectroscopic factors, when the tensor interaction and the spin-orbit interaction are included in the PVC vertex. The calculations are performed for the double magic nuclei 40 Ca and 208 Pb. The Skyrme interactions adopted here are SLy5 [31] and T44 [32] . For the case of SLy5, the terms associated with the tensor force are simply added on top of the central force as in Ref. [19] , whereas, in the case of T44, the tensor parameters are fitted on the same footing as the other Skyrme parameters. The ground states and the various excited states of the nuclei 40 Ca and 208 Pb are calculated on the basis of the fully self-consistent HF+RPA framework as in Ref. [33] . The coupling of the particles to the vibrations is derived from the same Skyrme force in a consistent way. This paper is organized as follows. In Sec. II we will briefly report the main features of our Skyrme HF plus RPA and PVC models, as well as the definitions of other quantities which will be discussed later. The results are displayed, analyzed and compared with available experimental data in Sec. III. Section IV is devoted to the summary and perspectives for future work(s).
II. METHOD
In this Section, we will briefly report the theoretical method adopted in our calculations. More detailed information about the Skyrme HF plus RPA calculations can be found in Ref. [33] . First, we start by solving the Skyrme HF equations in the coordinate space: the radial mesh is 0.1 (0.15) fm for 40 Ca ( 208 Pb), and the maximum value of the radial coordinate is set to be 15 (24) fm for 40 Ca ( 208 Pb), respectively. In order to calculate unoccupied states at positive energy, the continuum has been discretized by adopting box boundary conditions. In this way, we obtain the energies as well as the wave functions for particle (p) and hole (h) states, which are the input for RPA calculations. We solve the RPA equations in the matrix formulation; all the hole states are considered when we build the particle-hole (p-h) configurations, while for the particle states we choose the lowest six (eight) unoccupied states for each value of l and j in the case, respectively, of 40 Ca ( 208 Pb). It has to be noted that, for 40 Ca, RPA produces instabilities if we include more than six shells when the tensor force is considered. For 40 Ca ( 208 Pb) we have considered natural parity phonons with multipolarity L ranging from 0 to 4 (from 0 to 5). For each multipole response we have checked that the RPA value of the energy-weighted sum rule exhausts almost 100% of the analytic value calculated from the double commutator.
After we obtain the RPA phonons, in our present PVC calculations only those having energy smaller than 30 MeV and fraction of the total isoscalar or isovector strength larger than 5% have been considered for the coupling with single-particle states. In Table I we present the properties of the low-lying states of 40 Ca and 208 Pb, which give important contributions to the PVC results (the available experimental data are also shown in Table I ). The results are obtained by using the SLy5 and T44 parameter sets with and without considering the tensor force. We can see that the tensor force affects in a substantial way both the energies and the reduced transition probabilities of the low-lying states of 40 Ca and 208 Pb. The energy of the single particle (s.p.) state i can be obtained by means of second-order perturbation theory. We use such approach in the present work. The dressed single-particle energy ε i is expressed as
where ε (0) i is the single-particle energy given by mean field calculations and ∆ε i is the energy shift calculated from the self-energy, that is,
The self-energy Σ i has the following expression,
where
h ) is the HF single-particle (hole) energy, and ω nL is the energy of phonon. The (small) imaginary part η is set to be 0.05 MeV in our calculations. The numerators contain the squared modulus of a reduced matrix element called PVC vertex, which is expressed as 
where V L is the particle-hole coupled matrix element,
Details of the derivation of Eq. (3) can be found in Ref. [12] . The PVC effects are included in the energy-dependent self-energy Σ. In a uniform system, or in a finite system treated with the local density approximation, the single-particle energy can be written in a quite general fashion as
Here the self-energy Σ includes both the HF potential and the dynamical contributions from PVC (or, eventually, further) correlations; we have emphasized that such self-energy is a function of the momentum k and energy ε. We can define an effective mass m * through the relation:
The momentum dependence of Σ gives rise to a non-locality, or k-mass m which is related to Σ by
The energy dependence of Σ leads, instead, to a so-called E-mass or ω-mass, m, defined by
Thus, the effective mass m * can be expressed in term of m and m,
Since we deal in this work with finite nuclei, we have stressed that these quantities are state-dependent by labelling them with the quantum numbers α of the HF single-particle state. In particular, for a HF state, the k-mass ( m/m) α can be written as
where m(r) is the effective mass associated with the given Skyrme set (which is density-dependent and, therefore, radial-dependent because of the nuclear density profile) while ϕ α is the Skyrme HF wave function. From the standard many-body theory, the energy-dependent self-energy enters the Dyson equation for the singleparticle Green's function G, namely
We work here in the so-called diagonal approximation, in which one neglects the non-diagonal matrix elements Σ αβ on the HF basis [3] and we label Σ αα simply by Σ α . The poles of the Green's function G α (ε) correspond to the zeros of
and for each value of α there are several poles ε λ α characterized by the index λ; in other words, because of the coupling to the collective vibrations the single-particle state α becomes fragmented. In the vicinity of a given pole ε λ α the Green's function can be represented (leaving aside a small "background" part) as
where the residues at these poles correspond to the usual definition of spectroscopic factors S λ α , which is given by
The above Eqs. (12) (13) (14) (15) are quite general. In the current paper we stick, as already said, to perturbation theory and the self-energy is calculated as in Eq. (3). Accordingly, the spectroscopic factors of the above Eq. (15) are also calculated only for the renormalized HF states, that is, ε λ α is restricted to be ε 
III. RESULTS AND DISCUSSION
In this Section we shall present our results for two nuclei:
40 Ca and 208 Pb. The effective Skyrme interactions SLy5 and T44 are used in our calculations. We will stress, in our discussion, the effect of the non-central part of the Skyrme interaction (such as the spin-orbit and tensor terms) on the single-particle energies deduced from the PVC calculations. In Fig. 1 and Table II we show the results for the energies ε i of neutron single-particle levels around the Fermi surface in 40 Ca, calculated in various approximation. The symbols are the same as in Eqs. (1) and (15) . The results (denoted by ε (0) ) in the third column are obtained within the HF mean field approximation by including the contribution of tensor interaction, although the tensor interaction gives almost no contribution to the singleparticle energies in this case since 40 Ca is a l · s-saturated nucleus (although we remind that it affects the energies and transition probabilities of the low-lying vibrations in 40 Ca [28] ). The results in the fifth, seventh and ninth columns in Table II The same information for the single-particle energies is shown in Fig. 1 . From Table II and Fig. 1 , we can see that the single-particle energies, both below and above the Fermi energy, become more negative when the calculation includes the PVC effects. This qualitative outcome has been already found and explained in Ref. [12] . For the PVC results obtained with only the central terms of the Skyrme force in the vertex, the maximum energy shift is -1.95 MeV (-2.78 MeV) for the 2p 1/2 (2p 3/2 ) state using the SLy5 (T44) interaction. The spin-orbit interaction shows a repulsive effect on the energies of various giant resonances in light nuclei, and an attractive effect in heavy nuclei when included as residual interaction in the RPA calculations. In the PVC calculations, from Table II we see that it gives a repulsive contribution to the energy shift for some states and an attractive contribution for some other states in the case of the SLy5 force, while if one moves to the T44 force, the spin-orbit interaction always gives an attractive contribution for all single-particle states. We will now discuss the contribution from tensor terms. From Table II , we can see that the tensor force gives an attractive contribution to the energy shift of all the single-particle levels, for both the SLy5 and T44 Skyrme forces. We have also calculated the r.m.s. deviation σ between theoretical and experimental single-particle states. In Table II , we also show the calculated spectroscopic factors of single-particle states and the corresponding experimental data. The results that we display are obtained by the full calculation (all terms in the PVC vertex). For the SLy5 parameter set, the calculated and measured values are more or less the same both for the particle and hole states. For the T44 parameter set the calculated results are systematically smaller than the experimental data for hole states. For the particle states, the results do not show up a clear tendency.
In Table III we show the effective k-mass, E-mass and the total effective mass in 40 Ca within various approximation. These are obtained by averaging the effective masses associated with the single-particle states that we have calculated (the averages being, of course, done with the proper weights 2j α + 1). The effective k-mass is about 0.85 around the Fermi surface within the pure Hartree-Fock mean field calculation for both the SLy5 and T44 parameter sets. When one goes beyond the mean field calculation, the mass operator is not only momentum-dependent but also energy-dependent: we can see that the calculated E-mass is approximately in the range between 1.09 and 1.35 around the Fermi surface. The effective mass, which is the product of k-mass and E-mass, is ≈ 1. We conclude that the level density around the Fermi surface is enhanced when we go beyond the mean field approximation using the PVC model.
B. Results for
208 Pb
In Table IV we show the results for the energies ε i of neutron single-particle levels around the Fermi surface in 208 Pb calculated within various approximation, exactly as in the case of 40 Ca that we have just discussed. The results given by the HF mean-field approximation, denoted by ε (0) in the third column, are obtained by including the contribution of the tensor interaction. There are finite contributions of the tensor terms to the single-particle energies in the ground state of 208 Pb which is not a l · s-saturated nucleus. The results are compared with the available experimental data. The same theoretical and experimental energies are displayed in Fig. 2 .
From Table IV and Fig. 2 , we can see that the PVC calculations give a small repulsive contribution to the energy for most of the hole states below the Fermi surface. One noticeable exception is the 2f 7/2 hole state which is shifted up in energy by about 1.60 MeV in the case of the SLy5 parameter set, and by 0.70 MeV in the case of the T44 parameter set. On the other hand, for its spin-orbit partner state 2f 5/2 the energy shift is rather small. This goes against the prejudice that spin-orbit partner states should be affected more or less in the same way by the PVC effects: in this case, the special role of the coupling with the low-lying 3 − breaks this "rule of thumb". For the particle states, the energy shift ∆ε i is always negative but its magnitude depends on the state chosen and on the approximation scheme. In particular, the spin-orbit and tensor terms of the force do not give a systematic effect: for some states they give a repulsive contribution to the energy shift (with respect to the shift obtained by retaining only the central part of the Skyrme force at the PVC vertex), whereas for some other states they give attractive contributions. We have also calculated the r.m.s. deviation σ between theoretical and experimental single-particle states. this case the inclusion of all terms in the PVC vertex produces an improvement of the results, although small. In Table IV we also show the calculated spectroscopic factors of the single-particle states and the corresponding experimental data. The calculations are performed within our full PVC model. For the particle states, the agreement between the calculated and the measured spectroscopic factors is generally satisfactory. For the hole states, the largest disagreement between theoretical and experimental data is found in the case of the 2f 5/2 and 2f 7/2 states. For the 2f 5/2 state, we can see that it is rather fragmented from the experimental side, whereas the calculated fragmentation is rather small. For its spin-orbit partner state 2f 7/2 , the situation is opposite.
In Table V , we show the effective k-mass, E-mass and total effective mass in 208 Pb. As in the previous case of 40 Ca, we have averaged the effective masses of the states that we have considered (above and below the Fermi surface). The effective k-mass is about 0.84 around the Fermi surface in the pure HF calculation with the SLy5 and T44 parameter sets. When one goes beyond the mean field calculation, we see that the calculated E-mass is approximately between 1.16 and 1.24 around the Fermi surface. The total effective mass, that is, the product of the k-mass and E-mass, of the states around the Fermi surface is about one (which is comparable to the empirical value).
IV. SUMMARY
In this paper, the properties of the single-particle states, in particular the energies, the spectroscopic factors and the effective masses, in the magic nuclei 40 Ca and 208 Pb, have been studied in a fully self-consistent particlevibration coupling (PVC) approach within the framework of Skyrme energy density functional theory. All the vibrations (phonons) are produced within a fully self-consistent Random Phase Approximation (RPA) scheme. The SLy5 and T44 parameter sets are adopted; the tensor terms are added to the central terms without any re-fit in the case of the SLy5 parameter set.
We have paid a specific attention to the effect produced on the single-particle properties by the non-central part of the Skyrme interaction. It has been found, in the case of the single-particle energies, that the contributions to their energy shift induced by the tensor and spin-orbit terms are smaller than those coming from the central Skyrme terms. In the case of the spin-orbit terms, the contribution to the single-particle energy shift is quite random for Pb, namely it can be either positive or negative. The contribution to the energy shifts stemming from the tensor force is negative in 40 Ca , while it has a random sign for 208 Pb. For 208 Pb using the set T44, our results are improved with respect to the experimental findings by the contributions of spin-orbit and tensor forces. The calculated single-particle energies and spectroscopic factors show an overall good agreement with data. This is reflected in the enhancement of the single-particle level density around the Fermi surface, due to the PVC correlations. The effective mass becomes indeed close to one around the Fermi energy, and this is consistent with the empirical information.
This work is a further step in the direction of improving mean-field models when the need to be compared with the single-particle states and their fragmentation. The role of higher order process, beyond our simple perturbation theory approach, should be investigated. More importantly, we should see if more significant improvements in the agreement between theory and experiment can be obtained when the effective force is re-fitted.
The coupling between single-particle and collective degrees of freedom is also important if one wants to describe of the optical potential that characterized finite nuclei when projectile nucleons interact in e.g. a scattering process. The particle-vibration coupling can provide an important contribution to the imaginary part of the optical potential. Work in this direction is also in progress.
